We have previously described the DNA strand-breaking activity 1, 2) and other characteristics (e.g., generation of radical species 3, 4) and high chemical reactivity 5-7) ) of dihydropyrazines (DHPs) in vitro. More recently, we have examined the biological effects of DHPs, such as induction of apoptosis 8) and mutagenesis, 9) in vivo. The various phenomena caused by DHPs cannot be explained on the basis of one particular reaction mechanism. In this paper, we attempt to illustrate the relationship of the chemical structure of DHPs on DNA strand scission.
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Experimental
Synthesis of Dihydropyrazine Derivatives The dihydropyrazine derivatives ( Fig. 1 ) employed were synthesized by the condensation of diketones and diamines. 2,3-Dihydro-5,6-dimethylpyrazine (1), 2,3-dihydro-2,5,6-trimethylpyrazine (2), 2,3-dihydro-2,2,5,6-tetramethylpyrazine (3), cis-2,3-dimethyl-5,6,7,8,9,10-hexahydroquinoxaline (4-cis) and trans-2,3-dimethyl-5,6,7,8,9,10-hexahydroquinoxaline (4-trans) were synthesized by the method of Yamaguchi et al. 1) Their derivatives (3a, 7) 2a, 7) 1c, 7) 1b 5) ) and dihydrofructosazine 10) were synthesized according to literature procedures, and 1a was synthesized from aminoacetone hydrochloride 11) by dehydrochlorination. 10 ) Similar methods were also used to replace the methyl group of 1 and 4-trans by a phenyl group to generate 2,3-dihydro-5-methyl-6-phenylpyrazine (5) 12) and trans-2-methyl-3-phenyl- 5, 6, 7, 8, 9 ,10-hexahydroquinoxaline (6), 12) respectively (Table 1) , and the mixture (7) 13) of 2,3,5,6,7,8-and 1,2,3,5,6,7-hexahydroquinooxalines (Chart 3).
Assay of DNA Strand-Breaking Activity The method to assess the DNA strand-breakage activity of DHPs, using a covalently closed circular duplex DNA (ccc-DNA) of plasmid pBR322 was described previously. 
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Results and Discussion
DNA strand-breakage activity was assayed using pBR322 ccc-DNA. The addition of Cu 2ϩ enhanced the activity remarkably. The presence of various inhibitors 1) suggested that the reactive intermediate might be a radical species, and indeed, oxygen radicals and carbon-centered radicals were detected in the ESR spectrum 3) as shown in Chart 1. From this it can be deduced that the DNA strand-breaking reaction occurs via the attack of a radical species 4) generated from the interaction of DHPs with Cu 2ϩ and dissolved oxygen in the reaction system. Figure 1 shows the order of DNA strand-breakage activity 1) of DHPs under millimolar concentrations in the presence of Cu 2ϩ (1 mM). As shown in the order (3Ͼ2Ͼ1) of compounds, the increase in activity is due to the introduction of electron-donating methyl groups on the DHP ring. Accordingly, Cu 2ϩ was reduced to Cu 1ϩ by electron transfer from the DHPs.
1) The electron density (ED) in the DHP ring can be estimated by the ED of the nitrogen atom on which the electron is localized. Therefore, the ED and electrostatic potential (ESP) of two nitrogen atoms were calculated by AM1 as follows: (compound: ED/ESP) 1: Ϫ0.15/Ϫ0.52 and Ϫ0.15/Ϫ0.52; 2: Ϫ0.15/Ϫ0.55 and Ϫ0.15/Ϫ0.59; 3: Ϫ0.15/ Ϫ0.62 and Ϫ0.15/Ϫ0.56. Although the ED values were similar, the order of total ESP values was 3 (0.62ϩ0.56)Ͼ2 (0.55ϩ0.59)Ͼ1 (0.52ϩ0.52), which is in agreement with their DNA strand-breakage activity. The order of 4-cisϾthe mixture of 4-cis and -transϾ4-trans, and 1aϾ1 implies that the activity was also affected by steric factors. The order shown in Fig. 1 suggests that there are three factors relating to the activity: electron density in the DHP ring, sterics, and mutual interaction with Cu 2ϩ . The introduction of a phenyl group, which is not an electron-donor, into the dihydropyrazine skeleton increased the activity also, as shown in Table 1 . The order of the breakage activity is 5Ͼ1 and 6Ͼ4-trans. Because compound 5 has the weakest reducing ability 4) among DHPs 1, 2, 3 and 5, its activity is attributed to the facility of radical generation and the subsequent release of an electron from the dihydropyrazine ring and not the electron density of the dihydropyrazine ring. This will be discussed later.
Ionization potential was used as another measure of the relative activity for DNA scission. The ionization potential (IP) values on the basis of the AM1, PM3 or PM5 calculations are summarized in Table 2 . The order (3Ͼ2Ͼ1, 4-cisϾ4-trans, 3aϾ2a) for the breakage activity shown in Fig.  1 is entirely opposite to the order (3Ͻ2Ͻ1, 4-cisϽ4-trans, 3aϽ2a) of the IP values shown in Table 2 . These data indi- a) This data was cited from our privious papaer. 1) It indicated that the breakage activity is as strong as the amount of remaining ccc-DNA is small. cate that the breakage activity increases as the IP value gets smaller, at least in structurally similar compounds. Unfortunately, this idea cannot be applied uniformly to all compounds listed in Fig. 1, because several (1b, 1c, 2a, 3a) are significantly different in their structures from 1. The relationship between the IP values calculated by PM3, AM1 or PM5 and DNA breakage activity 1) were illustrated graphically in Fig. 2 , which depicted only five compounds (1, 2, 3, 4-cis, 4-trans) . The correlation coefficient value (R 2 ϭ0.9543) on the case of PM3 calculated IP value is to be preferred over the case of AM1/PM5 calculated one (R 2 ϭ0.581/0.7553). This suggests that the PM3 method is the most suitable for IP value estimation.
The transformation of the highly reactive DHPs is illustrated in Chart 2. A key intermediate (Int. 1) can be converted into some products such as 1b, 1c, 2a and 3a upon nucleophilic attack or ene reaction. [5] [6] [7] The preferential reactivity of DHPs may be enhanced by the formation of an enamine moiety and the breakage activity also might require this isomerization. To test this hypothesis we attempted to synthesize a hexahydroquinoxaline compound, where the exo-type isomer predominates 14) due to steric factors in the fused ring (Chart 3).
An oily product (compound 7) showed a mixture of endoand exo-type isomers (as shown in the bottom entry of Table  3 ) in the NMR spectrum. The ratio of endo-7 and exo-7 was 1 : 5 in CDCl 3 at room temperature, and varied depending on solvent and temperature.
13) The ratio of endo-7 and exo-7 was 1 : 1.1 in an equilibrium solution (in CDCl 3 at 50°C). Inspection of the RHF/6-31G* heat of formation (DH f ) in the gas phase indicated that endo-7 was more stable than exo-7 with a difference of DH f ϭ3.74 kcal/mol, although the DH f of 7 based on PM3 and AM1 indicated the superiority of endotype as shown in Table 3 .
Compounds 1 and 5 actually showed the presence of only the endo-type isomer in the NMR spectra, however 7 showed signals for both the endo-and exo-type structures. Thus, it is clear that the breakage activity of 7 was the strongest among the three DHPs (1, 5, 7) . Some derivatives of 7 also have been assayed for comparison with derivatives of 1 and 5 (data not shown). The order of the breakage activity was 7Ͼ5Ͼ1 (unpublished results). This result indicates that the breakage activity was due to the presence of Int. 1 (exo-type DHP) as shown in Chart 2.
FMO data based on AM1 and PM3 calculations are compared in Table 3 . The dimethylpyrazine (first entry) that did not exhibit the breakage activity also cannot isomerize to the exo-type isomer, because the heat of formation (DH f ) of the exo-type is considerably higher than that of the endo-type due to the latter's aromaticity. If the pyrazine were converted into the exo-type, the breakage activity could be significantly higher than the parent DHPs. It is predicted that isomerization to an enamine structure is required and the endo-to exotype ratio affects the breakage activity. The breakage activity is as strong as the DDH f is small, according to the differences (DDH f ϭDH f of exo-typeϪDH f of endo-type) obtained from Table 3 . When the endo-type is converted into the exo-type, the LUMO-HOMO (L-H) energy gap becomes smaller, resulting in enhancement 15) of the reactivity of DHPs. The assay of the breakage activity was performed in incubation periods of 1 or 3 h in aqueous solution. The exo-type isomer was consumed rapidly at an early stage, and then the equilibrium (endo-type⇔exo-type) shifted to the right towards the formation of the exo-type. Thus, we evaluated the IP values of the exo-type structures.
As summarized in Table 4 , the IP and L-H gaps follow the trend (7Ͼ5Ͼ1) of the breakage activity: as the values become smaller, the activity increases. To determine the solvent effect on the endo/exo ratios of DHPs, the heats of formation (DH f ) were calculated using the COSMO continuum solvation models. The differences (DDH f ) in DH f between endotype (1,4-diazadiene) and exo-type (1-azadiene) isomers are summarized in Table 5 . All calculation methods (EPSϭ78. 4) showed that the energy difference of 7 is considerably smaller than those of 1 and 5, indicating that isomerization to the exo-type easily occurs. The isomerization to the exo-type isomer is favorable in the order of 7Ͼ5Ͼ1, in agreement with the breakage activity. In addition, the bond dissociation energies (BDE) of exotype DHPs were calculated for comparison to the order of the breakage activity, because the DNA breakage reaction proceeded by the generation of radical species from DHPs. In the ESR spectrum, 3) carbon-centered radical signals were detected as DMPO-adducts (detailed results will be described in a following paper). As a precursor of the radical species (as shown in Chart 4) which was speculated by the orbital shapes on SOMO of the exo-type DHP and obtuse angle signals in the ESR spectra, the structure (· N-R) was postulated on the basis of the bond energies of 98.8 (H-C) and 93.4 (H-N) kcal/mol. The order of BDE values for the comparison of exo-type DHP and a precursor structure (· N-R) were 7: 27.07Ͻ5: 29.24Ͻ1: 30.51 by PM5, 7: 29.08Ͻ5: 30.83Ͻ1: 31.73 by AM1 and 7: 25.57Ͻ5: 27.42Ͻ1: 29.85 by PM3, supporting the breakage activity. As the BDE value gets smaller, the breakage activity increases, indicating that facility towards radical generation is also important for activity. The generation of a radical species from DHPs, initiating the change from a precursor structure (· N-R) to a carbon-centered radical species, needs to be studied further in order to determine the driving force of this reaction.
While there have been few reports [16] [17] [18] [19] related to carboncentered radicals, we propose that the DNA breakage activity is due to carbon-centered radicals generated from DHPs as described in a previous paper. 4) Furthermore, there are few reports [19] [20] [21] related to DHPs with DNA strand-breakage activity except for ours, and even fewer reports concerning the mechanism of the breakage activity. The IP hypothesis that we propose is but one step towards explaining the mechanism. Although the hypothesis that the breakage activity is as strong as the IP values are small is incomplete at present, it is useful for the synthetic design of compounds having DNA strand-breakage activity. a) The conjugation energy between the phenyl and azadiene moieties seems to be underestimated, affecting the HOMO energy level. The HOMO energy levels of several conformational isomers based on the DFT-calculated geometries [B3LYP/6-31(D)] range from 8.63 to 8.88 eV. 
